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approach is a variant of the standard maximum entropy regularization method utilized in the c (s) 244 analysis in that, instead of assuming a uniform probability for the occurrence of species at every 245 S-value in a distribution, it utilizes prior information to assign different probabilities in different 246 regions of S-values (60). A key feature of the Bayesian implementation in SEDFIT is that, 247 because it maintains the same degrees of freedom used in the standard c(s) analysis, 248 imperfections in the expected values will result in additional features in the c (p) (s) plots in order 249 to maintain the quality of the fit (60). The Bayesian analysis therefore allows us to determine 250 which reaction scheme gives a c (p) (s) profile that best fits the experimental data. To obtain the expected S-values for each of the predicted sub-complexes or subunits in 259 each reaction scheme, we mixed stoichiometric amounts of their respective subunits and 260 characterized their concentration dependence by SV-AUC at 25°C ( Fig. S1 ; Table S2 ). We then 261 9 used each of the S-values collected at 0.25 µM as prior expectations in the Bayesian analysis of 262 the holo-complex. As shown in Fig. 5A , when the independently determined S-values for MW,
263
RAD2 and the MWRAD2 species were used as prior expectations in the Bayesian analysis of the 264 holo-complex at 0.25 µM (black dotted line), three peaks in the c (p) (s) plot were observed that 265 were in excellent agreement with the expectations (cyan line). Indeed, good agreement was 266 observed using the same S-values as prior expectations for Bayesian fits of the experimental 267 data collected at higher holo-complex concentrations (Fig. 5A) . The only deviation observed 268 was for the position and amplitude of the holo-complex peak, which at 25°C shifts from 6.8 to 269 7.2 S in a concentration-dependent manner (Fig. 5A) . In contrast, when a similar analysis was 270 conducted instead using the expected S-values for the MWR and AD2 sub-complexes predicted 271 by Scheme 2, additional features in the c (p) (s) plot with an S-value of ~5.3 were observed at all 272 loading concentrations that did not match the prior expectations ( Fig. 5B, red arrow) . Similarly,
273
using the expected S-values for M and WRAD2 as predicted by Scheme 3, the c (p) (s) plot
274
showed little evidence of a species matching the expected value of free MLL1 at 2.3 S, and also 275 showed additional features at ~3.5 S that did not match expectations ( Fig. 5C, red arrow) . To 276 test whether the holo-complex assembles in a concerted fashion from individual subunits, we 277 also performed a similar Bayesian analysis using the predetermined S values for M, W, R, AD2, 278 and MWRAD2 as prior expectations (AD2 is treated as a discrete species since it does not 279 appreciably dissociate under the range of concentrations that can be detected by the 280 absorbance optical system used in these experiments (36)). The c (p) (s) plot showed additional 281 features with an S-value of ~5.2 that did not match expectations ( Fig. 5D , red arrow). Together,
282
these results are consistent with the hypothesis that MLL1 core complex is hierarchically 283 assembled by association of MW and RAD2 sub-complexes.
285
Enzymatic activity of the MLL1 core complex is directly related to complex assembly 286
To determine the impact of concentration and temperature on the enzymatic activity of 287 the MLL1 core complex, we incubated MWRAD2 (0.25 -5 µM) with a fixed concentration of 288 histone H3 peptide (10 µM) and saturating amounts of AdoMet (250 µM) at various 289 temperatures. We then measured methylation using a label-free quantitative MALDI-TOF mass 290 spectrometry assay (36). MALDI spectra were integrated and the relative amount of each 291 peptide species was plotted as a function of time. Data were fit using a numerical integration of 292 rate equations approach implemented in KinTek Explorer software (61), which allowed us to test 293 the ability of different reaction schemes to fit the data.
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Using the simplest irreversible consecutive reactions model (Fig. 6 , Scheme 4), while 295 acceptable fits were obtained for reaction progress curves collected at the highest concentration 296 (5 µM) between temperatures 5 -30°C (5°C is shown in Fig. 6A ), the rest of the fits were poor 297 (an example is shown in Fig. 6B ). Since we previously showed that the complex uses a non-298 processive mechanism for multiple lysine methylation (36), we revised the model to incorporate 299 binding of peptide substrate to the enzyme-AdoMet complex (E1) and release of the H3K4me1 300 product after the first methylation event, followed by binding of the H3K4me1 substrate to a 301 distinct site on the enzyme (E2) for the dimethylation reaction. The latter step is predicated on 302 our previous observation that the MLL1 core complex has a cryptic second active-site 303 independent of the SET domain that is required for the H3K4 dimethylation reaction (36, 62, 63) .
304
Since the binding and release rates of substrates and product are currently unknown, these 305 values were fixed to be non-rate limiting. This model allowed us to incorporate an additional 306 term to test the impact of reversible complex disassembly, which results in negligible activity of 307 both enzymes under these assay conditions (Fig. 6, Scheme 5) (36, 37) . Initial values for the 308 ratio (koff/kon) for complex assembly were set to be equal to the Kd app derived from each SV-AUC 309 isotherm experiment.
310
The resulting simulations showed that adding a reversible complex disassembly step to 311 the reaction scheme only modestly improved fits to the lower temperature data ( Fig. 6C ), but did 312 not improve the fits of the higher temperature data (Fig. 6D ). In addition, Fitspace confidence 313 contour analysis (64) showed that the derived koff value for the complex dissociation step was 314 not constrained by the data (not shown), suggesting that the model is more complex. Closer 315 examination of the high temperature data showed that several reactions failed to go to 316 completion, suggesting the enzyme rapidly inactivates at higher temperatures. We therefore 317 revised the working model to incorporate an irreversible enzyme inactivation step (kinact) ( Figure   318 6, Scheme 6). The resulting simulations resulted in good fits to both the low and high 319 temperature datasets shown in Figs. 6E and 6F, respectively. In addition, Fitspace analysis 320 showed that the derived pseudo-first order rate constants for monomethylation (kme1), and 321 dimethylation (kme2) reactions were reasonably well-constrained by the data (Fig. 6G and H) .
322
Furthermore, the rate of enzyme inactivation (kinact) was constrained by the data in the higher 323 temperature experiments ( Fig. 6H ) but not in the lower temperature experiments ( Fig. 6G ),
324
where enzyme inactivation is negligible. Figure 7 shows that the use of Scheme 6 produces 325 good fits for all datasets.
326
Based on these results, we then used the fits to Scheme 6 to compare the impacts of 327 temperature and concentration on the enzymatic activity of the MLL1 core complex (Fig. 8) 
331
to 20°C ( Fig. 8A and C). However, above 20°C, non-Arrhenius behavior was observed, as the 332 rate of irreversible enzyme inactivation (kinact) rivaled or exceeded the rates of turnover (Tables   333   2-4) , resulting in reactions that failed to go to completion (Fig. 7) . These results are consistent 334 with the conclusions from the SV-AUC analysis, which suggested that as the complex 335 dissociates at higher temperatures, one or more of the subunits undergoes an irreversible 336 conformational change that is not competent for catalysis. We therefore plotted kme1 and kme2 337 rates (Ln(kn)) as a function of temperature (1/T) between 5°C and 20°C to fit the data to the 338 Arrhenius equation (Fig. 8 B and D, respectively) . Linear fitting of the Arrhenius plots revealed 339 similar values for the energy of activation (Ea) between the tested concentrations. The average
340
Ea values were 10.9 ± 2.0 kcal K -1 mol -1 and 17.8 ± 4.7 kcal K -1 mol -1 for the monomethylation 341 and dimethylation reactions, respectively.
342
The minimum enzyme concentration resulting in complete conversion into the mono-343 and then dimethylated forms was 1.0 µM at 15°C (Fig. 7 
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(71) reveals that the majority of its sequence is predicted to be intrinsically disordered ( Fig. 9A ).
380
In addition, the MLL1 construct used in this investigation and each WRAD2 subunit shows 381 significant regions of predicted disorder ( Fig. S2 ). To determine if the catalytic module of the 382 MLL1 core complex may also be regulated by phase separation, we examined MWRAD2 using 383 differential interference contrast (DIC) microscopy at concentrations up to 75 mg/ml but 384 observed no evidence for phase separation (not shown). However, since a previous 385 investigation showed increased enzymatic activity of the MLL1 core complex with reduced ionic 386 strength (72), we tested whether reduced ionic strength may also regulate the LLPS properties 387 of the MLL1 core complex.
388
First, we compared MLL1 core complex activity at several different ionic strengths at 389 25°C using quantitative MALDI-TOF mass spectrometry. Consistent with the previous report, we 
401
(~10%), along with several higher molecular weight species that collectively account for ~16% 402 of the total signal. We also noticed that the relative distribution among these species shifts to 403 larger S-values in a concentration-dependent manner, which is more pronounced with even 404 lower ionic strength ( Fig. S3 ). These results suggest that the increased activity of the MLL1 average molecular mass using this frictional coefficient and S-value was ~190 kDa, which is in 418 fairly good agreement with the theoretical mass of the monomeric complex (205 kDa). In 419 contrast, in low ionic strength buffer, the c(s,fr) distribution showed that the majority of the signal 420 is divided among several peaks with larger S-values that ranged between 9 and 16, with 421 evidence of several larger molecular weight species ranging between 20-70 S (Fig. 9F ). Several
422
of the peaks between 9 and 13 S had frictional ratios that range between 1.1-1.2, which gave 423 mass estimates between 140-230 kDa. Because these species have relatively similar molar 424 mass estimates, these S-values likely correspond to species with increasingly compact 425 conformations of the monomeric MLL1 core complex. The peak at ~16 S gives a mass estimate 426 of ~350 KDa, which is indicative of a reaction boundary between monomeric and dimeric 427 complexes. These results suggest that lower ionic strength allows the complex to sample 428 different conformational states, some of which are more compact, and some that allow 429 14 oligomerization of the MLL1 core complex. Consistent with this interpretation, these larger S-430 value species become increasingly more populated in an MWRAD2 concentration-dependent 431 manner (Fig, S3 ).
432
The c(s,fr) analysis also showed several discrete species with S-values between 20-70 S 433 with a broad range of frictional ratios ranging between 3-5 ( Fig. 9F ). Integration of these peaks 434 gave mass estimates starting at ~3.7 MDa, which approximates an 18-mer of MWRAD2, with 435 each discrete species at higher S-values approximating the addition of one MWRAD2 dimer.
436
This hydrodynamic behavior is indicative of fiber-like material (76) and could reflect various 437 sizes of insoluble aggregates, or the fiber-like polymerization that is predicted to precede the 438 formation of phase separated droplets ( Fig. 9G ) (70,77). To distinguish these hypotheses, we 439 examined enzymatic reaction mixtures at 100mM or 25 mM NaCl using DIC microscopy.
440 Surprisingly, despite using a relatively low concentration of enzyme (5 µM), the low ionic 441 strength reaction mixture showed evidence of spherical LLPS droplets ( Fig. 10B ) that were 442 absent in the 100mM NaCl reaction mixture ( Fig. 10A ). No visible evidence of protein 443 precipitation was observed. The droplets were small and mobile, but did not appear to fuse, 444 which is a common feature of particles induced to undergo LLPS (77). However, addition of a 445 crowding agent (dextran; 7% w/v) to the reaction mixture resulted in LLPS droplets with larger 446 diameters and observable fusion events that could be detected by DIC microscopy ( Fig. 10C 447 and movie S1). Importantly, the droplets disappeared in the presence of 5% 1,6 hexanediol (Fig.
448
9D), which has been shown to disrupt LLPS droplets formed by other proteins (78). We also 449 note that in the presence of dextran, similar LLPS droplets ( 
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Since we observed that higher concentrations of the histone H3 peptide alone showed 453 evidence of phase separation (not shown), we next determined whether the LLPS droplets we 454 observed contained only histone H3 or if they also contained the MLL1 core complex. To do 455 this, we assembled the MLL1 core complex with fluorescently-labeled WDR5 (W*) or RbBP5
456
(R*) subunits and, after purification by SEC, we tested for their ability to phase separate using 457 fluorescence microscopy. SEC elution profiles were similar to that of unlabeled complex ( Fig   458   S6A ) and SDS-PAGE showed that each fluorescent subunit eluted in a stoichiometric complex 459 with unlabeled subunits (Fig. S6B ). In addition, control experiments with each complex showed suggest that the catalytic module of the MLL1 core complex is in an equilibrium between phases 464 both inside and outside of the LLPS droplets.
465
Lastly, to determine if LLPS formation rescues enzymatic activity at physiological 466 temperature, we compared methylation kinetics of different concentrations of the MLL1 core 467 complex among reaction mixtures containing 200 mM or 25 mM NaCl at 37°C. As described 468 above, at near physiological ionic strength, none of the reactions went to completion, even after 469 24-hour incubation, mainly due to rapid enzyme inactivation at 37°C (Fig. 11 , left column). In 470 contrast, in low ionic strength buffer, most of the tested concentrations showed at least 80% 471 conversion to the dimethylated form of H3K4 after only 5 minutes ( Fig. 11 , right column). At the 472 highest concentrations tested (5 µM) the pseudo-first order rate constants for mono-and di-473 methylation increased 62-and 50-fold, respectively, with no evidence of enzyme inactivation 474 (Table 5) . Lastly, unlike the reactions using higher ionic strength, at low ionic strength, the 475 reactions better approximated true single-turnover conditions with rates that were strictly 476 dependent on enzyme concentration and not substrate concentration (79) 
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In this investigation, we systematically characterized the hydrodynamic and kinetic 508 properties of a reconstituted human MLL1 core complex under a variety of assay conditions. As 509 expected, we found that complex assembly is highly concentration and temperature dependent.
510
Consistent with the hypothesized hierarchical assembly pathway, we found that the holo-511 complex assembles through interactions between the MW and RAD2 sub-complexes, and that 512 this assembly correlated with enzymatic activity. However, unexpectedly, we also found that the 513 disassembled state of the complex is favored at physiological temperatures and at the sub-514 micromolar enzyme concentrations typically used in steady-state enzymatic assays (in which 515 the substrate is in vast excess compared to the concentration of enzyme). We found that the 516 complex disassembly results in rapid and irreversible enzyme inactivation under these 517 conditions, likely because one or more subunits samples unproductive conformational states.
518
Consistent with this conclusion, it was previously shown that overexpression of C-terminal 519 fragments from the human SETd1A protein in mammalian cells depletes WRAD2 subunits from 520 the endogenous SETd1A and SETd1B paralogs, resulting in their degradation (82). It is possible 521 that in the cell, unproductive folding intermediates are limited by interaction with chaperones.
522
Consistent with this hypothesis, HSP70 and HSP90 proteins have been found to co-purify with 
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Our data suggest that concentration of the MLL1 core complex in a biomolecular 559 condensate overcomes the barrier to complex assembly at physiological temperatures, resulting 560 in histone methyltransferase activity that is increased by at least 30-60-fold ( Table 1 : Summary of apparent dissociation constants for MLL1 core complex assembly at different temperatures* * Dissociation constants and error estimates were obtained from fitting MWRAD2 concentration versus signal weight average sedimentation coefficient (sw) using the A + B ⇋ AB hetero-association model in SEDPHAT (59). 0.00 ± 0.01 0.009 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.04 ± 0.03 0.09 ± 0.08 0.13 ± 1.00 1.0 0.00 ± N.D. a 0.01 ± 0.02 0.01 ± 0.01 0.04 ± 0.02 0.04 ± 0.03 0.07 ± 0.03 0.24 ± 0.11 5.0 0.01 ± 0.01 0.05 ± 0.02 0.00 ± 0.00 0.09 ± 0.02 0.07 ± 0.03 0.07 ± 0.02 0.21 ± 0.13 * Each is the rate constant +/-the Standard Error determined from duplicate measurements. a N.D., error estimates are not defined. b kinact lower bound. In Kintek Explorer software, kme1 was fixed to the value predicted by the Arrhenius equation at the indicated temperature and kinact was floated to estimate the lower bound required for the observed loss of activity. Table S1 ). These values were obtained as described in Methods. Time courses for reactions at the indicated MWRAD2 concentrations and temperatures were plotted and fit using Scheme 6. Each time point represents the average from two independent experiments. Concentrations of each peptide species were plotted in red for H3K4me0, green for H3K4me1, blue for H3K4me2. For reactions showing small amounts of H3K4me3 (yellow), Scheme 6 was modified to incorporate an additional turnover step followed by product release. (Fig.6 ) or a modified form of Scheme 6 to account for trimethylation. The resulting pseudo-first order rate constants are summarized in Table 5 . Peptide species were H3K4me0 (red), H3K4me1 (green), H3K4me2 (blue), and H3K4me3 (yellow). Note the time scale differences required for the high vs. low ionic strength reactions.
